Abstract-This paper presents a Power Amplifier (PA) for IEEE802.11p applications. The design process, simulation results and practical results are presented. The use of suitable matching networks to prevent instability as well as gain and power output improvements is described. The PA was simulated and designed using Advanced Design System (ADS) by Keysight Technologies. The implementation was tested using an IEEE802.11p signal from a Signal Generator. It meets the linearity requirement for a wide range of output levels, meaning that it can be used in three of the four power classes of the IEEE802.11p standard. The proposed design may be improved using some kind of compensation such as Digital Pre-Distortion, especially to be compliant with the D class.
I. INTRODUCTION
Vehicle-to-Vehicle (V2V) and Vehicle-to-Infrastructure (V2I), normally referred as Vehicular Communications, can be used in several applications such as a safety improvement, traffic control and leisure activities. Dedicated Short Range Communications (DSRC) based on the IEEE 802.11p standard are one of the ways to allow Vehicular Communications to exist and integrate Intelligent Transportation Systems (ITS) while adding Wireless Access in Vehicular Environments (WAVE) [1] .
The IEEE 802.11p uses Orthogonal Frequency Division Multiplexing (OFDM) which implies high Peak-to-Average Power Ratio (PAPR) [2] , a point that is important in the Power Amplifier (PA) design. Considering this and the Spectrum Emission Masks (SEM) of the IEEE 802.11p standard, several considerations must be done, to ensure the fulfill of the requirements needed. When designing a PA for this type of application back-off is used to improve the linearity of the PA in order to meet the specifications of the standards.
In this paper a Class AB PA is presented to allow Vehicular Communications using IEEE802.11p standard for the different power classes allowed in this specification.
II. IEEE802.11P SPECIFICATIONS

A. Comparison with IEEE802.11a
IEEE802.11p is derivation of the IEEE802.11a to allow Vehicular Communications. With this being said, it can be understood that the IEEE802.11p standard has similarities with its predecessor. One of those similarities is the use of OFDM to modulate the signals, as used in the newer version of IEEE802.11a or LTE. The use of OFDM, as said before, implies a high PAPR, which can be between 8 to 12 dB in LTE [3] . These techniques require more efficient PAs, more complex signal structures and higher bandwidths to achieve higher data rates. However, IEEE802.11p presents a reduction of the bandwidth when compared to the traditional Wi-Fi standard, IEEE802.11a. Other differences are presented in the following The values for the Carrier Spacing and Symbol Length are represented regarding the IEEE802.11a values. The Symbol Length is doubled as it allows the signal to be more robust against fading and the Carrier Spacing is reduced by half due to the half clock mode of the IEEE802.11p.
Besides these differences, and others, the Adjacent Channel Power Ratio (ACPR) and SEM are more stringent than in the IEEE802.11a, especially power class D. The values for the SEM for the standard can be found in Table 3 , and the values for channel power can be found in Table 2 . These and other specifications can be found in [4] . [5] or 4G mobile communications since it allows a large number of closely spaced orthogonal sub-carrier signals to carry data on several parallel data streams/channels, dividing a bit stream into Nc sub-streams. This procedure leads to a distortion reduction of the overall signal. The basic principal behind OFDM is Frequency Division Multiple Access (FDMA). FDMA requires the use of a guard band for each sub-carrier which results in a loss of efficiency
The main difference between FDMA and OFDM is that in the latter the carriers are orthogonal to each other (in frequency domain) which allow the elimination of the guard bands needed in FDMA [6] . This way pulses can be transmitted at 1/T rate within a 1/(2T) bandwidth without Inter Symbol Interference (ISI), in case a Guard Interval is added. This Guard Interval contains the final samples of a bit stream and puts them in the beginning of that same bit stream.
III. PA DESIGN AND SIMULATIONS
A. Transistor and Substrate
The first thing to do is to select the Transistor to be used as well as the substrate for the PCB. In the case of this application the Transistor chosen is the CREE CGH55015 since it has an Output Power of about 40 dBm, which allows the 28.8 dBm Output Power level plus 10 dBm for the PAPR of these signals and it is destined for applications between 4.5 and 6 GHz. Considering the substrate, it should have a consistent εr over the whole board and adding to that it is convenient that the Tangent Loss value is also as low as possible. Considering this and the substrates available at our facilities, it was decided that the Substrate should be 4350B from Rogers. Its characteristics can be found in Table 4 B. Bias Point
Moving on from the choice of the Transistor and Substrate, the next step is to select the Bias Point of the Transistor. In order to do this (and the next steps), Advanced Design System (ADS) is used along with the large signal model provided by CREE for this transistor. When selecting the Bias Point an important factor is the class of operation being chosen, which in this case is a class AB. As seen in Figure 1 , the transistor is biased with a DC current of 110 mA and a VDS of 28V. The curves presented in Figure 1 , have negative slope due to thermal effects that are also taken into account in the simulation. 
C. Load-Pull
Next step is to do a Load-Pull to the transistor using the Bias Point defined earlier. In order to this, one of the Design Guides of ADS was used. The load selected is 10.662 -j*21.219 Ω, that allows a Power Added Efficiency (PAE) of 52% and a Power Output of 41.78 dBm. These values are calculated using a Source Impedance of 12.3-j*24.3Ω as given by the manufacturer in the datasheet of the transistor for 5.8 GHz. Apart from this, it is important to notice that, every other component in this Load-pull is ideal (like DC Blocks and DC Feeds).
D. Source-Pull
Since in the case of the application of this transistor we are more worried about Power Output and gain, Source-Pull characterization was not done. Instead, after obtaining the Load Impedance from the Load-Pull simulation, the impedance seen at the Gate of transistor was registered and then, to achieve the maximum Power delivered the Source Impedance used was the complex conjugate of the Gate Impedance [7] . The impedance obtained using this method is 3.557-j36.505Ω.
E. Bias Network
The bias network has the main goal of providing the DC voltages to the Gate and Drain of the transistor while rejecting the RF components. This means that, at the operation frequency (5.9 GHz), the impedance should be as high as possible so that it has the minimum effect (in parallel) to the rest of the circuit. To achieve this effect, a thin line (0.2 mm) with a length of approximately λ/4 was used connected to a capacitor that provides a short-circuit at 5.9 GHz and a radial stub, to increase the bandwidth where the open-circuit is valid. Three other capacitors were used close to the DC source, to filter lower frequencies. Adding to these, a capacitor of was added in series to the matching networks (both input and output) to block the DC component.
Regarding the Bias Network on the input side, a resistor of about 50Ω should be added regarding stability at lowfrequencies. Another stability issues are addressed in another section of this paper.
F. Impedance Matching Networks
In order to do the Impedance Matching Networks (IMN) the impedances obtained in the Source-Pull and Load-Pull simulations are used, as the purpose of the IMNs is to transform the impedance that best suits the transistor into 50Ω. In the particular case of this application, short circuiting the second harmonic is also a goal of these IMNs (since it is a class AB PA) [8] , as well as the reduction of the S21 (which is the forward gain, that in this case represents the losses of the IMN) as much as possible. Apart from this function, IMNs should also contain a capacitor that is as close as possible to a short-circuit at the frequency of operation as a DC block and, in the case of the input IMN other components that are used for stability purposes.
As a common ground for both IMN, 3 open stubs are used as well as taper at the beginning (for the Input IMN) or end (for the output IMN) to do a smooth transition to the width of the transmission line that represents a 50Ω impedance.
Regarding the input IMN, an RC filter is also used, as well as another series resistor. This procedure is used to improve the stability of the circuit, as suggested by the manufacturer in the datasheet of the transistor.
To be able to achieve all these goals, ADS presents an optimization tool that was used to increase the speed of the calculations. After doing the optimizations for the schematics, an electromagnetic simulation is performed to evaluate a closer to reality behavior of the circuit. Regarding this electromagnetic simulation, small adjustments are done to get closer to the impedances desired. The final circuit can be found in Figure 2 .
G. Simulation Results
As a first simulation, 1-tone harmonic balance was performed to evaluate gain and PAE of the transistor for 5.9 GHz. The results can be found in Figure 3 . After this first simulation, a 2-tone harmonic balance was performed as a way to emulate, up to a certain extent, the IEEE802.11p specifications. The 2-tones are separated by approximately 8 MHz. The results can be found in Figure 4 . Another important simulation to be done is the Stability analysis to confirm the approach done in the previous steps. That simulation can be found in Figure 5 . As a note for the results presented, if µsource and µload are greater than 1, then the circuit is stable [9] . In order to compare these results with the actual circuit a PCB was done. In the next section the testing method is described and the results are presented.
IV. PA TESTS AND RESULTS
The final part of the development of the PA is the testing of the actual circuit. With this being said a simple setup was done as it is shown in Figure 6 .
To test the circuit a one-tone signal and an IEEE802.11p OFDM signal with 10 MHz bandwidth is used in the VSG. The second signal will allow the SEM testing for the different Power Classes, whereas the first one will allow the understanding of the PA Gain, PAE and Output Power curves. These last curves can be found in Figure 7 . As it can be seen, the amplifier has worse characteristics than the ones simulated, as expected, since models aren't completely correct most of the time. Nevertheless, since the degradation is small, efforts are still being made to improve the results obtained. The efficiency decreases in about 30% and the Output Power, at 2dB compression point, decreases about 4 dBm. Concerning the IEEE802.11p signal simulation, the power class D was not fulfilled. Nevertheless, power class C was achieved as it can be seen in Figure 8 , where the top line represents the SEM. Power classes A and B are also achieved since their SEM is less stringent and the output power is also lower. To make sure that this is the maximum channel power required for this power class, then an ACLR evaluation was made as it can be seen in Figure 9 . 
V. CONCLUSIONS AND FUTURE WORK
A GaN PA prototype is proposed to be used in Vehicular Communications using IEEE802.11p standard, which can be seen in Figure 10 . It was implemented and measured, achieving the power class A, B and C. At the moment, a DPD is being developed to implement in this circuit to allow the Power Class D to be used, which would also increase the efficiency and linearity of the overall circuit.
